T he lung has, step by step, found a place in the field of critical care and emergency ultrasound. The slow development of this discipline is not truly explained, as the techniques themselves are quite simple. Similarly, the concept of using ultrasound as a clinical tool for the intensivist (with or without examining the lung) has also been surprisingly long to develop. Since 1989, the author has used an ultrasound machine comprising 1982 technology (built much before the recent explosion of technology that favors miniaturization) and has had the pleasure to discover a tool permitting an accurate whole-body imaging approach to the critically ill. Although it is thought that the delay that occurred between 1982 and today will remain unexplained, this "sleepy giant" is now awake.
Traditionally, although other complex tests and devices exist, the practicing intensivist has most commonly assessed lung function using physical examination and auscultation (these simple tools being available since 1810) (1), radiography (available since 1895) (2), or with computed tomography (CT) (available since 1972) (3) . However, the flaws of these familiar tools are increasingly acknowledged. Auscultation's low accuracy in the critically ill has recently been highlighted (4) , and bedside radiography (typically obtained supine) has even greater limitations (4 -10) . Even CT, which has contributed to saving countless lives, has some major drawbacks that may not be initially apparent. This is further discussed in part 2 (page S253). Basically, the most unstable patients are the very patients who do not fully benefit from a CT scan. Ultrasound is a tool with attributes that have only recently begun to be appreciated by the greater medical community, in distinction to its use for cardiac concerns (11) . Previously, respected sources considered that the place for ultrasound in assessing the lung was limited (12) . Despite scientific evidence proving otherwise, this opinion has persisted (13) . Only recently has this begun to change.
The scientific principles of ultrasound largely arise from the work of Langevin (1915) , with additional contributions from Curie and Einstein early in the early 20th century. Utilizing this technology for medical purposes was proposed in 1946 (14) and has since been developed for more than half a century by other pioneers (Wild and Howry, 1951, and Henry and Griffith, 1974) . Since these pioneers, ultrasound has become an indispensable and cost-effective medical tool. Since the sentinel studies like the one by Joyner et al. (15) studying pleural effusion, the utility of thoracic ultrasound was largely limited to this single diagnosis. Recent reviews of the state-ofthe-art of lung investigations devoted little if any space to ultrasound (16, 17) . Working in the team of François Jardin, who had pioneered the use of echocardiography with his ADR-4000, using a double working knowledge in intensive care and general ultrasound, and having to cope with critical situations in the heat of the nights, we had a privileged place to appreciate and develop hidden potentials of ultrasound. Although appreciating the countless advantages of applying general ultrasound for managing the critically ill at the bedside (18), we noted that there were many conditions for which lung ultrasound proved immensely helpful. We thus undertook the challenging task to prove that the lung should be considered as much of a legitimate target as any other organ with respect to the use of bedside ultrasound.
The aim of this article will be to review and detail the scientific basis that sufficed to disprove the previously incorrect dogma surrounding the field of lung ultrasound. This work relies on the analysis of the artifacts that air, in the tissues, pleural spaces, or within the lung itself, produces. Thus, the very substance that was previously thought to make lung ultrasound impossible actually forms the basis of this science. These basic physical properties are described in part 1. Part 2 describes the comprehensive range of acute respiratory disorders amenable to diagnosis with ultrasound. In part 3, the daily applications of clinical lung ultrasound are illustrated.
PART 1: ANALYSIS TECHNIQUE, REQUIRED MATERIAL, AND NORMAL PATTERN

Seven Principles of Lung Ultrasound.
The concept of lung ultrasound can be based on seven principles (19) . 1) A simple, unsophisticated ultrasound machine is perfectly adequate. 2) The thorax is an anatomic area where air and water are intimately mixed. From these interactions arise the artifacts. In addition, air and water have opposite gravitational dynamics (air rises, water descends). It is thus crucial to define "dependent disorders" that are water-rich, such as pleural effusions and alveolar consolidation, and "nondependent disorders" that are air-rich, such as pneumothorax or the interstitial syndrome. One may then refer to a sky-earth axis. 3) All lung patterns arise from the pleural line. 4) Lung ultrasound is largely based on the analysis of artifacts. 5) Lung patterns are largely dynamic. A retrospective analysis of static images does not provide for an adequate analysis. 6) The majority of acute lung disorders abut the lung surface, thus explaining the wide-ranging feasibility of lung ultrasound. 7) As the lung surface is extensive (about 1500 cm 2 ), constituting the most voluminous organ, precise areas should be defined, as is the norm for the abdominal examination. One may ask where to put the probe. The answer is simple: at the same places as the stethoscope.
Choice of the Ultrasound Unit: A Critical
Step. For performing both lung and whole-body ultrasound, we think that simplicity can be favored. The required image resolution has been fully satisfactory since 1991. We wrote our first textbook in 1992 using only ADR-4000 figures, which were already sufficient to illustrate the developing field of lung ultrasound by using a technology from 1982. We think the gray-scale analogic resolution available since 1991 (that we currently use) is more than adequate to perform abdominal, cardiac, venous, and craniofacial (optic nerve) applications. We rarely find this quality in digital systems. Our unit has ideal dimensions for hospital use (30 ϫ 38 cm footprint), being easily portable from bed to bed and from floor to floor. A bigger unit would be a hindrance, but even smaller units could become paradoxically more cumbersome than our basic model once they become affixed to a cart. Without such a cart, although it may be at risk for theft, but more importantly, the actual ultrasound unit might be placed on the patient's bed, constituting an infection control hazard. Further questions are where to put contact product, disinfectants, and interventional materials? It was maybe unnecessary to await for the current development of ultraminiature units to provide a whole-body assessment of the critically ill. The ultrasound unit we use has exactly, in the updated versions, the same internal properties (notably image resolution) as in its original 1991 version. We think that the various Doppler functions are not truly required to assess the lungs or the venous system (20, 21) or for an adequate hemodynamic assessment. Using a single probe without Doppler capabilities simplifies a whole-body diagnostic approach for the head, heart, and venous diseases and their evaluation (22) . We thus think that a Doppler evaluation should be incorporated only if the simpler examination does not answer the clinical question. The unnecessary reliance on Doppler capability produces drawbacks, such as decreased spatial resolution, and increases the complexity of the unit and the approach, increases costs, is maybe not fully harmless (23) (24) (25) , and may add physical volume to the bedside unit. Our preferred microconvex 5-MHz probe permits a full evaluation of the abdomen, small hard-to-access parts (such as the apex of the lungs), compression of the subclavian vein or adductor area for the femoral veins, and allows all manner of interventional procedures (Fig. 1) . We also avoid linear probes (because human beings are not linear), deep structures are not explored, and compression maneuvers of deep veins are hard to achieve using linear probes.
The need to avoid cross-contamination of the critically ill and to limit nosocomial infections is rarely adequately discussed in current practice, yet respecting basic principles and practices is vital to prevent needless morbidity and mortality. The use of more than one probe in the same examination should raise concerns regarding the ability to maintain a sterile technique. Harsh disinfectants should be avoided because they can gradually damage the probe head. The flat keyboard we use can be cleaned, whereas keyboards full of prominent buttons cannot-a point of prime importance in the intensive care unit (ICU). Our device can also be immediately switched on, which is not the case of most digital units. Finally, the coupling gel, an unpleasant part of ultrasound since its advent, can be avoided with a new non-gel coupler soon available. This will greatly enhance the comfort of ultrasound for both physicians and patients.
Ultrasound Examination of the Normal Lung. Lung ultrasound is a recent field of study, and a rigorous approach is required to produce consistent results. To obtain the best from the examination, the operator should simply follow the seven principles sequentially.
A brief review of the normal pattern is useful. As air rises and water descends, the position of the patient should be specified. What is dependent in one position is no longer dependent in another. One should define a gravitational, earth-sky axis and specify the area where the probe is applied. The thorax should be scanned directly, avoiding the traditional abdominal route, which can lead to erroneous diagnoses. Exclusive longitudinal scans are desirable, and thus, we think that a linear probe will be a hindrance for this purpose. The operator must have access to superficial and deep areas with only one probe. Here again, a linear probe will be a hindrance.
As the lung is the most voluminous organ of the body, a careful and methodical examination comprising three basic steps is desirable. First the thorax has to be located (in the craniocaudal axis), then the lung surface located, and then zones have to be defined. The thorax is distinguished from the abdomen by locating the diaphragm, which is a basic landmark. Once the probe is applied to the thorax, lung sonography will largely consist of the analysis of artifacts because only artifacts appear on the screen (Fig.  2) . However, the upper and lower ribs can already be identified, casting a frank posterior shadow. Between two ribs and typically 0.5 cm deeper (in the adult), a roughly horizontal, hyperechoic line produced by the pleural interface is visible. The pleural line indicates the parietopulmonary interface (i.e., the lung surface). The ribs and the pleural line outline a characteristic pattern, the bat sign (Fig.  2) . The bat sign, visible only in longitudinal scan, should be recognized first in any lung examination and considered a mandatory first sign to acquire. Like a G key in a musical partition, it is a permanent landmark of the lung surface.
Precise areas of interest will be defined using clinical landmarks. The anterior and posterior axillary lines are practical landmarks that delineate anterior, lateral, and posterior areas. Each of these areas can be divided into smaller areas. These anatomic areas are considered in our approach to lung sonography, which incorporates four clinical stages of investigation. Stage 1 is defined by examining the anterior chest wall in a supine patient (zone 1) at the earth level (i.e., our daily conditions of work, under the gravity rules) and is immediately informative regarding pneumothorax, interstitial syndrome, or atelectasis such as can result from right mainstem intubation. Stage 1 prime defines this same examination performed when the patient is half-supine (as small pneumothoraces move toward the apex). This does not regard traumatized patients. In stage 2, the lateral chest wall (zone 2) is added to the anterior zone, until the bed physically prevents further lateral placement of the probe. Stage 2 gives information on substantial pleural effusions, substantial alveolar consolidations, and phrenic nerve function. A stage 3 examination is performed by slightly moving the ipsilateral shoulder of the supine patient to position the probe as posterior as possible without moving the back (in the case of trauma) and to gain a few centimeters of sonographic exploration of the posterior lung fields (zone 3). As the probe is required to "point to the sky" to perform this examination, small probes are mandatory. Small pleural effusions (beginning hemothorax for instance) and small alveolar consolidations, not detected by stage 1 and 2 examinations, may be thus detected. In a stage 4 (exhaustive analysis in nontrauma patient), the patient is positioned laterally, or seated, to study fully the posterior chest wall. In addition, the apex is investigated. To optimally compare the capabilities of lung ultrasound with CT, full stage 4 examinations should be the required standard, yet in most cases, stages 1, 2, or 3 answer the clinical questions.
At the pleural line, two important dynamic and static signs can be described. First is the dynamic normal sign of lung sliding. This is the basic sign of normality. Lung sliding is a kind of dynamic twinkling movement visible at the pleural line and synchronized with respiration. It corresponds to the displacement of the lung along the craniocaudal axis. For objectifying and documenting lung sliding, M mode yields a simple pattern, the seashore sign (Fig. 2) . With these simple signs, the use of Doppler is not required. Much could be written about lung sliding. Basically, the 2.5-MHz probes equipping many echocardiographic-Doppler units usually have insufficient image resolution. Modern units also have dynamic noise filters or persistence filters. These filters, designed to provide a flattering image, can render lung sliding hard or impossible to detect and must be bypassed. Lung sliding is a relative movement alongside the superficial chest tissues, which are motionless. The amplitude of lung sliding is maximal at the bases. Very discrete lung sliding should carefully be sought, as any degree of lung sliding has the same meaning (all-ornothing rule). Further, lung sliding can be detected even with mechanical ventilation, morbid obesity, advanced age, or lung emphysema (even with giant bullae). It should be noted, however, that in a dyspneic patient, muscular contractions can make lung-sliding analysis difficult, unless the seashore sign is sought.
The second sign is the normal static sign. Air artifacts normally arise from the pleural line. In general, two diametrically opposed types can be described: either horizontal or vertical. Several clinically relevant kinds of artifacts exist, and a practical alphabetic classification is required to avoid long descriptions (19) . The basic normal sign is a horizontal repetition of the pleural line recurring at regular intervals, called ultrasound A-line sign (Fig. 2) . The B line and some other artifacts will be further described in the section on pathologic conditions. Other artifacts (C, I, J, N, O, S lines . . .) and other subtle signs will not be further detailed here.
The normal lung pattern combines lung sliding with a predominance or totality of A lines. In a ventilated patient without respiratory concerns, the cupolas are usually located one or two spaces below the mamillary line. They move toward the abdomen at inspiration, with an amplitude of around 10 -15 mm.
PART 2: ULTRASOUND SEMIOLOGY AND CLINICAL APPLICATIONS OF THE MAIN ACUTE LUNG DISORDERS
According to the second principle of lung ultrasound, the image and artifact patterns produced are a function of the air/fluid ratios. Pleural effusion contains pure liquid. Alveolar consolidation contains mainly liquid and very little air. Interstitial syndrome contains mainly air and little liquid. Pneumothorax contains pure air.
Pleural Effusion
Fluid pleural effusion is a disorder containing exclusively fluid and no air. Although detecting this entity with ultrasound was imagined in 1946 (14) and assessed in 1967 (15) , this simple application is not fully exploited in all institutions.
Maybe this application was not extensively exploited because radiologists have easy access to CT. Whereas pleural effusion can be obvious in echogenic patients, it needs standardized diagnostic criteria in others. Using some not wellknown signs, ultrasound accuracy proves nearly as efficient as that of CT (26) . Both tests have better accuracy than the supine chest radiograph (4) .
Signs. Customarily, a pleural effusion is detected during abdominal examinations, using a subcostal approach. We do not use this traditional access. We find it safer to analyze the pleura directly through the intercostal spaces with a short probe. The effusion should first be sought in a stage 2 examination (i.e., laterally in a supine patient) at bed level. Substantial effusions are immediately visible. If no effusion is visible, and if more information is required, the examiner may proceed to a stage 3 (posterior chest) examination to detect minimal effusions. The classic anechoic pattern is not a perfect criterion, although it can be nondiagnostic in critical cases. Apart from the obvious diagnostic criteria of a dependent fluid image located above the diaphragm, it is possible to add two more subtle signs, one static and one dynamic, that will greatly help in the difficult cases (Fig. 3) . One static sign is the sharp sign. A pleural effusion is limited by four regular borders forming the shape of a sharp. These borders consist of the pleural line, from where it arises, the upper and lower shadows of the ribs, and the deep border, which is always regular. This border is assumed to be the visceral pleura and was called the lung line. The dynamic sign is the sinusoid sign. It shows the respiratory variation of the interpleural distance with inspiratory decrease (Fig. 4) . The sinusoid sign indicates the centrifugal shifting of the lung toward the wall during inspiration. As the lung moves toward a "core-surface" axis, the pattern, on M mode, is a sinusoid. The sharp and sinusoid signs confirm the presence of pleural effusion with a specificity of 97% when the gold standard used is withdrawal of pleural fluid (26) .
With CT as a gold standard, sensitivity and specificity of ultrasound are 93% (4). Minimal effusions can be detected using ultrasound, provided the probe is applied over the adequate area of the chest. Extremely small effusions are not detected using CT, raising the problem of the pertinent gold standard. An aerated lung lobe will float over the effusion. A consolidated lobe will swim within the effusion (the jellyfish sign).
Clinical Applications. The rapid bedside diagnosis of pleural effusions has obvious diagnostic and therapeutic implications for the critically ill. Mattison et al. (27) described a prevalence of 62% in medical ICUs, with 41% of effusions being present at admission. Ultrasound is superior to radiography in all respects. Ultrasound will detect the effusion, evaluate its volume, provide information on its nature, and indicate the appropriate area for a thoracentesis, with better accuracy than radiography. Bedside radiography rarely detects small effusions and can also miss effusions of up to 525 mL (28) . It can also prompt false-positive diagnoses. Ultrasound is acknowledged as the method of choice to detect an effu- Fig. 3 ) is not specific to pleural effusion, can be difficult to see in poorly echoic patients, and can be echoic. In addition, it does not provide any information about its viscosity. The image at right (M mode) highlights the sinusoid sign, a sign specific to liquid pleural effusion, and indicates a low viscosity. E, expiration. sion in a supine patient (29) . In our observations, one third of ultrasoundvisible and easy-to-puncture effusions in ventilated patients remained occult to supine bedside radiography (26) . Bedside radiography does not provide reliable information on the volume of an effusion. We have no special ultrasound technique for measuring the exact volume either, estimating one effusion as between 500 and 1000 mL and another as between 15 and 30 mL. We think these approximations are sufficient in clinical practice. Other approaches are available (30) . However, ultrasound provides information about the nature of the pleural effusion, data that we do not expect from radiography. The main causes of pleural effusions in the ICU are heart failure (35%), atelectasis (23%), pneumonia (11%), and empyema (1% of cases) (27) . Theoretically, a transudate is anechoic, an exudate echoic. A liquid with mobile particles (plankton sign) or septa is suggestive of exudate, hemothorax, or purulent pleurisy and should be aspirated and formally analyzed (see Fig. 1 
on p. S263).
When faced with an anechoic effusion, we believe that it is prudent to perform ultrasound-assisted thoracentesis whenever knowledge of the nature of the effusion might improve the prognosis. This very simple procedure may make long discussions of differential diagnoses irrelevant.
Diagnostic or therapeutic thoracentesis is not often routinely performed on a critically ill, ventilated patient because of concerns regarding the risks. We think that with practice, care, and ultrasound guidance, thoracentesis can become routine in this situation. With ultrasound detection, even radio-occult effusions in ventilated patients may be safely aspirated. The principle is based on the visual approach rules (26) . Precise and reproducible criteria are mandatory. Briefly, one must check for an inspiratory enlargement of the interpleural space of Ն15 mm, with effusion visible at the adjacent upper and lower intercostal spaces. The patient can remain in the supine position in half of the cases. One checks for the absence of respiratory interposition of a vital organ (lung, heart, liver, spleen). The sinusoid sign has the attribute of clearly indicating low viscosity of the pleural fluid, in other words, the possibility of using a fine needle to minimize procedural trauma. Thoracentesis should be done immediately after ultrasound localization, with the patient remaining in the same position. A clinical landmark made in the radiology department and followed by an aspiration once the patient is back in the ICU seems inadequate. Skinfolds can displace the cutaneous landmark. All these precautions are easy to follow, and in our experience, the success rate in ventilated patients is 97% (26) . Using these criteria is like driving a car: with open eyes and an attentive brain behind, the risk of an accident is low, whereas the converse is true as well. Complications such as a pneumothorax vary between rarely (31) and nil (26) . Typically, Ͻ10 secs are needed to obtain a liquid sample in Ͼ88% of cases. Withdrawal of pleural fluid should improve the ventilatory mechanics (32) and assist weaning from the ventilator, among other benefits.
Alveolar Consolidation
Alveolar consolidation contains mainly fluid and little air. This daily concern in the ICU is not always accurately detected by bedside radiography. Auscultation is sometimes superior to radiography (4). These limitations may necessitate use of a CT scan. However, 98.5% of cases of alveolar consolidation abut the pleura (33), a mandatory condition for its ultrasound detection. Whereas the location of pleural effusion, pneumothorax, or interstitial syndrome are rather standardized, the location of an alveolar consolidation varies with pathogenesis. Alveolar consolidation is usually dependent, thus being demonstrated by a stage 3 examination, often lateral, thus being demonstrated with a stage 2 examination, and sometimes anterior, being detectable with a stage 1 examination. Those cases amenable to expedient diagnosis with the simple stage 1 examination roughly correspond to the middle and upper lobes. It should be noted that a subcostal approach often yields ghost artifacts of the liver or spleen (mirror artifacts through the diaphragm). This is why, among other reasons, we do not use this route. Detecting alveolar consolidation is not a new application for ultrasound (14, 34) . However, despite these previous descriptions, ultrasound has been seldom used for this purpose in general.
Signs. Using basic but rigorous terminology to define alveolar consolidation, we found a sensitivity of 90% and a specificity of 98% using ultrasound corroborated by CT as the gold standard (33) . Apart from some obvious criteria (image located in the thorax, that is, above the diaphragm, image arising from the pleural line or from an associated pleural effusion, tissue-like pattern, reminiscent of the liver), two specific criteria of interest can be defined (Fig. 5) . Analogous to the critical criteria for pleural effusion, there is both an important static and dynamic criterion. The static criterion states that an alveolar consolidation usually has irregular deep boundaries. The superficial boundary is the pleural line or the deep boundary of a pleural effusion, if present. The deep boundary is irregular, as in connection with the aerated lung, a pattern therefore different from the lung line. Only when the whole lobe is involved will the deep boundary be regular. The dynamic criterion requires an absence of any dynamic sinusoidal component, thus excluding pleural effusion as a cause. In the case of alveolar consolidation, craniocaudal inspiratory movement is present or even impaired (in the most severe cases), but no inspiratory centrifugal shift (i.e., from the bottom to the top of the screen) should occur in the coresurface axis. This is mandatory for distinguishing alveolar consolidation from pleural effusion, which are potentially associated but distinct entities and diagnoses.
Many subtle findings can be described using ultrasound. The volume can be assessed. Abscesses or necrotizing areas within the consolidation can be detected (see Fig. 2 on p. S263) . Hyperechoic punctiform or linear images are possibly present and indicate air bronchograms (34) . These air bronchograms can be motionless or have an intrinsic inspiratory centrifugal movement, called dynamic air bronchogram, as opposed as static air bronchograms. The dynamic air bronchogram allows distinction between non- retractile (pneumonia) and retractile (atelectasis) consolidations with 100% specificity for diagnosing nonretractile ones (35, 36) . The absence of satellite lung rockets is suggestive of aspiration pneumonia. Lung sliding is frequently abolished.
Late-stage atelectasis yields alveolar consolidation with static air bronchograms, shift of neighboring organs, pinching of intercostal spaces, and abolition of lung sliding. The lung pulse is a sign available early after single-lung intubation, when the lung is still aerated, as in the seconds immediately after intubation. The lung pulse is a vibration visible at the pleural line, in rhythm with the heart beat, clearly visible because lung sliding is abolished, and objectified with M mode. The heart vibrations are usually dominated by the lung expansion. With marked atelectasis, abolition of lung sliding allows the heart beat to be observed more readily. The lung pulse had a sensitivity of 90% for the diagnosis of onelung intubation in one study (37) .
Why Use Ultrasound? The value of ultrasound follows from the inadequacy of radiography (4 -10). Radiography gives a rough summation of consolidation, pleural effusion, and abscesses, whereas ultrasound accurately distinguishes each disorder. Ultrasound can have diagnostic (immediate diagnosis of pneumonia in a patient with fever, pain, and normal radiograph, for instance), monitoring (progression of acute respiratory distress syndrome, indication for prone positioning, positive end-expiratory pressure setting), or even therapeutic effect (see "Point-of-
Interstitial Syndrome
Despite being described back in 1994 (38) and confirmed since 1997 (39) , this is an area of bedside diagnosis that will be new to many practicing clinicians. Using this approach provides information that is not provided on a bedside chest radiograph and that has no auscultatory equivalent when using the stethoscope. Interstitial syndrome seen in the critically ill is mostly due to thickening of interlobular septa, which generate Kerley lines, and ground-glass areas, which are visible on CT scans. The major causes are cardiogenic pulmonary edema and infectious processes. In the interstitial syndrome, predominant air components are mingled with a minimal amount of fluid. The ultrasound study of an aerated organ, with diagnoses based exclusively on the analysis of artifacts, requires the examiner to think in an abstract manner. We will see how to diagnose interstitial syndrome and, above all, why.
Signs of the Interstitial Syndrome. The sign is a vertical artifact (a comet-tail artifact) with special features. It arises from the pleural line, is a well-defined and laser-like beam, is dominant (it erases the A lines), spreads up without fading to the edge of the screen, and is synchronous with lung sliding. This artifact, as described, has been called B line. Several B lines visible in a single view are reminiscent of a rocket at liftoff and have been termed "lung rockets," or Bϩ lines (Fig. 6) . Diffuse lung rockets disseminated all over the anterolateral wall define diffuse interstitial syndrome. The test is defined as negative when such B lines are absent, isolated, or exclusively confined to the last intercostal space above the diaphragm, a variant observed in 27% of healthy subjects (39) . Diffuse lung rockets have a sensitivity and specificity of 93% for the diagnosis of interstitial syndrome when compared with radiography, and the concordance is complete when the gold standard is CT (39) . A separation of the artifacts of about 7 mm indicates thickening of the interlobular septa (B7 lines), whereas a separation of 3 Ϯ 1 mm (B3 lines) is correlated with ground-glass lesions (39) . One or two B lines visible in a single view are dubbed b lines (lower case) and seem to have no pathologic meaning.
The B line must critically be distinguished from two other artifacts: the E and the Z lines (Fig. 7 ). E lines (E for subcutaneous emphysema) are long but do not arise from the pleural line. The Z lines arise from the pleural line like the B lines, but four features allow easy distinction. They are ill-defined, quickly vanish, are independent from lung sliding, and do not erase the A lines. Z lines are very frequent, visible in 80% of patients (40) . They should be considered as a parasite artifact devoid of clinical meaning (40) . This generates an important basic rule. Lung artifacts have the characteristic feature that A lines and B lines cannot be visible at the same location. Lung artifacts are either A lines or B lines.
What is the structure detected by ultrasound? The B lines are generated by elements with a high acoustic impedance gradient from the surrounding structures, such as fluid surrounded by air (water is an excellent transmitter, whereas air impedes ultrasound). The detected elements are smaller than the resolution of ultrasound. They are present at and all over the lung surface. They are separated from each other by Յ7 mm. They are present Left, these well-defined comet tails descend to the edge of the screen. However, the bat sign is absent (as with Fig. 6 ). This pattern cannot be due to B lines. The patient has subcutaneous emphysema with extensive collections of gas between anatomic structures-a condition generating E lines. Right, the ill-defined comet-tail artifacts (three visible here, arrowheads) arise from the pleural line but do not erase the physiologic A lines (arrows) and quickly vanish without reaching the edge of the screen. These are Z lines. in pulmonary edema, but labile, resolving on its treatment. All these features (and some others) are characteristic of thickened subpleural interlobular septa, which perfectly fulfill this description. CT correlation has proven that B lines correspond to thickened interlobular septa. A normal septum has a width of 300 m and cannot be seen using ultrasound. The thickened septum has a width of 700 m, a size that remains under the power of ultrasound but allows generation of the artifact. Ultrasound B lines are thus an ultrasound equivalent of the familiar Kerley B lines (41) . The superficial septa alone can be detected using ultrasound. They are indicative of the deeper septal thickening. Acute interstitial syndrome is generally diffuse, especially from cardiogenic cause. This explains why the diagnosis is immediate, the moment the probe is applied to the chest wall.
Why Use Ultrasound? Initially, the intensivist may question the relevance of detecting interstitial syndrome (using ultrasound or any other method). Devoid of stethacoustic or radiologic signs allowing diagnosis, the intensivist has likely become accustomed to practicing without this information. This does not discount the fact that this application of ultrasound and this information may have an immediate effect on the critically ill. The recognition of diffuse interstitial syndrome in emergency situations is virtually equivalent to diagnosing acute pulmonary edema (cardiogenic or permeability related). Detecting B lines rules out pneumothorax (42) . In a dyspneic patient, detecting lung rockets allows immediate differentiation between cardiogenic pulmonary edema and exacerbation of chronic obstructive pulmonary disease. Only a few seconds are required, and a permanent digital record may be obtained of the examination; something that is impossible with simple auscultation. The sensitivity of the ultrasound detection of pulmonary edema in this setting is 100% and specificity is 92% (43) . Lung rockets are unusual in pulmonary embolism. Their absence is found with a 92% sensitivity (44) . Other uses such as distinction between lesional and cardiogenic pulmonary edema, morphologic analysis of acute respiratory distress syndrome, qualitative assessment of the occlusion pressure, and measuring lung fluid or lung compliance are under investigation.
Pneumothorax
Pneumothoraces contain pure air and no fluid. Can ultrasound detect air (a classic foe to ultrasound) within an aircontaining area? Numerous studies have now conclusively proven the answer to be yes, provided one more step is made toward abstraction and provided that artifacts are accepted as providing clinical information. This indication for immediate bedside diagnosis has a marked advantage in both an accuracy and timeliness to that of radiography, especially in the supine patient. After adequate training, any intensivist will be able to rule out pneumothorax in a few seconds and will need Ͻ1 min to rule it in.
Pneumothoraces remain common in the critically ill, from initial traumatic injuries, iatrogenic procedures, or acquired from illness or from barotrauma. They may quickly be life threatening (45) . Bedside radiography misses a large percentage of cases (9, 46 -48) , even tension pneumothoraces (49); thus, this situation often requires CT for confirmation, time permitting. Bedside radiographs, even when they show the pneumothorax, are a poor indicator of its volume. However, CT cannot be routinely used for this indication either. The excessive use of CT will lead to over-irradiation and increased costs and will subject patients to the risks of medical transport, whereas the serious consequences may occur if pneumothorax is overlooked. We believe that using ultrasound is an extremely simple way to resolve this quandary.
Signs. Pneumothorax semiology may appear abstract, as it refers exclusively to artifact analysis. It may also appear complex, as several signs have to be investigated. However, after minimal training in acknowledged centers, the signs are perfectly reproducible. Pneumothorax is a "nondependent" semiotic. It should be sought first at the anterior and lower area, as 98% of significant pneumothoraces are at least anterior and inferior in supine patients (50) . This easy-to-investigate location is fortuitous. Many signs are available, three covering the majority of situations. All our studies have been performed with CT as a gold standard.
Lung sliding should be sought in area 1. Absent lung sliding is a basic and initial step for the diagnosis, which was actually first described in horses (51) . Lung sliding allows pneumothorax to be confidently discounted, in a matter of seconds, because the negative predictive value is 100% for the diagnosis of pneumothorax (52) . With a pneumothorax, a striking absence of motion arising from the pleural line is observed instead of the familiar lung sliding. Sensitivity is 100% (when nonfeasible cases are not considered). The abolition of lung sliding can be objectified in M mode, which gives a characteristic pattern, the stratosphere sign (Fig. 8) . One can use Doppler, but it is not essential. One can also use a linear probe, but our microconvex probe, combined with our black-and-white technology, consistently permits a full investigation of this area (and of the deep lung and whole body).
The role of ultrasound for detecting abolition of lung sliding is increasingly being described (53, 54) . However, absent lung sliding is extremely frequent in critically ill patients. Specificity, which is 91% in a general population (52), falls to 78% when patients are all critically ill (55) and occurs in up to 60% when acute respiratory distress syndrome patients are studied. In dyspneic patients seen in the emergency room, abolished lung sliding has a positive predictive value of only 27% for the diagnosis of pneumothorax, (unpublished data). Thus, absent lung sliding does not mean pneumothorax. Countless other situations yield abolished lung sliding: jet or high-frequency ventilation, massive atelectasis (including one-lung intubation), acute pleural symphysis (inflammatory adherences), severe fibrosis, phrenic nerve palsy, cardiopulmonary arrest, simple apnea, and inappropriate operator technique (abusive use of persistence filter, inappropriate probe, etc.). Paradoxically, lung sliding is most often abolished precisely in the patient who both is at maximal risk for pneumothorax and who will not tolerate it physiologically. We should reiterate that absent lung sliding is not specific to pneumothorax. By combining the assessment of lung sliding with other signs, however, the effectiveness of ultrasound is improved.
From the pleural line in stage 1 arise exclusively horizontal artifacts, A lines (Fig. 8) . No B line is visible, a pattern called the A-line sign. It should be noted, however, that Z lines are very frequently visible. We believe that the use of linear probes usually prevents correct recognition and distinction of B, Z, and A lines, a serious concern. In fact, this distinction relies on deep analysis, which linear probes usually do not achieve, whereas the probe we use adequately studies superficial and deep areas. The A-line sign, which is 100% sensitive for the diagnosis of complete pneumothorax, is in no case specific. Specificity is 60% (42) . What matters is that the slightest B line allows prompt ruling out of pneumothorax (42) . As we saw that B lines arise from the lung alone, this finding is logical. This is precious information in numerous cases in which lung sliding is absent.
The lung point is a specific sign that allows pneumothorax to be confirmed and that confidently indicates those patients who will benefit from chest tube placement in an extreme emergency. When a profile suggestive of pneumothorax (A lines with absent lung sliding) is detected on stage 1, the probe gradually moves to the lateral areas, until it finds a fleeting, sudden inspiratory visualization, of either lung sliding or B lines, in an area where abolished lung sliding and exclusive A lines were previously recorded. This is an all-or-nothing law, corresponding to whether the lung is in contact with the chest wall (Fig. 9) . The specificity of the lung point is 100%. Its overall sensitivity is 66% and falls with major pneumothoraces with complete lung retraction (55) . Interestingly, sensitivity for occult pneumothorax is high: 79% of pneumothoraces not visible on bedside radiographs are definitely diagnosed using ultrasound (40) . Once again, ultrasound seems to be more accurate than bedside radiography.
The lung point is a critical sign because it confirms that the abolition of lung sliding is real and not due to technical defaults. In addition, the lung point provides indication about the pneumothorax volume and evolution if not treated. A lateral lung point was correlated with a 90% need for drainage vs. 8% with anterior lung point (40) . Briefly, an anterior lung point indicates moderate pneumothorax (generally radio-occult), whereas a very posterior or absent lung point characterizes massive pneumothoraces with complete retraction.
Some Applications. The clinical applications are multiple. Ultrasound has proven superior to radiography (55) . Ultrasound can thus complete or replace radiography and decrease use of CT. The recognition of pneumothorax in an emergency is the main application. This has long been feasible in prehospital medicine (56) . We believe that in extreme emergencies, ultrasound will replace radiography. Drainage, previously done blindly in most unstable patients, can be done confidently using visual approach. The other basic application is ruling out pneumothorax in a few seconds when managing acute dyspnea or cardiac arrest, after any chest procedure (subclavian catheterism, thoracentesis), or even routinely in a ventilated patient. For such applications, a bulky device can do more harm than good. An elegant application is the possibility of monitoring a pneumothorax based on ultrasound alone. All in all, the need for repeated radiographic studies, which thicken the medical file, increase the hospital budget, and continuously irradiate the patient, will be decreased.
Changes in the volume of a small and especially occult pneumothorax can be monitored if the intensivist chooses to manage the patient conservatively but not insert a tube. This logic can be pushed to its extreme when radiographs are wholly undesirable (pregnancy, children). Concerns about irradiation, especially in pediatric patients, are being increasingly discussed (57) (58) (59) . Thus, it is questionable whether using CT scanning to follow conservatively managed pneumothoraces offers a good balance between therapeutic benefit and irradiation (60).
Airway Control
The dynamic real-time nature of lung ultrasound allows the immediate diagno- Figure 9 . Lung point. On the right (time-motion), a sudden change is visible at the precise location where the collapsed lung, subject to a slight increase in volume during inspiration, reaches the wall. The "sandy" pattern generated by lung sliding instantaneously replaces a pattern formed by horizontal lines (arrow).
sis of complete atelectasis, such as occurs immediately after one-lung intubation. The detection of absent lung sliding and the sole presence of a lung pulse has 90% sensitivity for the diagnosis of immediate complete atelectasis after one-lung intubation (37) . From the diagnosis of onelung intubation, absence of lung pulse allows check radiography to be postponed after intubation. The ability of ultrasound to help such procedures is beginning to be appreciated (61) . Other ultrasound signs have also been described that may assist in safely managing the airway. When the patient is correctly intubated, both cupolas of the diaphragm should have the same amplitude. When right mainstem intubation occurs, the left cupola remains motionless, whereas the right one has an abnormally increased amplitude, often Ͼ15-20 mm with usual tidal volumes. The position of the endotracheal tube within the upper trachea gives a characteristic pattern using subtle to-and-fro movements of the tube (Ͻ1 mm to avoid mucosal damage). Visual perception is sufficient (and M mode can objectify it, yielding a variant of the seashore sign). Doppler is also not required for these diagnostic adjuncts. Ultrasound is also useful for guiding a percutaneous (or surgical) tracheostomy by precisely defining the anatomic structures that should be avoided (62) .
Other Applications
Multiple other disorders can be detected using ultrasound, providing a scope for this modality limited only by the imagination of the clinician. The amplitude of lung sliding is informative regarding correct lung compliance, presence of pleural symphysis, or as seen, massive atelectasis. Markedly diminished lung compliance is frequent in acute respiratory distress syndrome or massive pneumonia, and ultrasound yields a dynamic pattern that no other test can detect, namely, abolition of lung sliding. The analysis of the interstitial syndrome, areas of ground-glass, consolidated lung areas, and pleural effusions will help in distinguishing cardiogenic from permeability-related pulmonary edema. In pulmonary embolism, a normal pattern ("A" profile) in a dyspneic patient is expected. This is the equivalent of the traditionally normal chest radiograph. In a patient with acute respiratory distress and no history of asthma or chronic obstructive pulmonary disease, this is immediately suggestive of a pulmonary embolism. We have found a sensitivity of 92% for detecting the A profile as opposed to the B profile, and this accuracy increases to 100% if only the B3 profile is considered (44) . Some authors have further described pulmonary infarction (63) , a sign that we rarely observe, perhaps because the patients seen by the intensivist have severe pulmonary embolism, a setting in which pulmonary infarction has little time to develop. Lung abscess is also accessible to ultrasound (see "Point-of-Care Ultrasound: Infection Control in the Intensive Care Unit" in this supplement).
Countless disorders can also be found in the mediastinum. An experienced user can often avoid immediate referrals to invasive or time-consuming techniques. Aortic aneurysm or dissection of the thoracic aorta can often be detected using our probe that has a small footprint. Both simple and complex conditions such as mediastinitis, tracheal stenosis, or accumulation of secretions above an ET tube are nicely documented in many cases (22) . Bedside ultrasound can be conceptualized as comprised of both diagnostic and interventional attributes. For diagnosis, several signs such as the swirl sign, plankton sign, and lung pulse improve ultrasound accuracy in the diagnosis of conditions like pneumothorax and pleural effusion. Interventional ultrasound plays a major part in managing conditions such as pneumothorax, lung abscess, and pleural effusions The diaphragm is also amenable to study by ultrasound. The location, amplitude and direction of movement, and degree of inspiratory thickening are all easily assessed by ultrasound, and ultrasound alone. Even a ruptured diaphragm will be better documented on ultrasound than on CT.
PART 3: CLINICAL CONSIDERATIONS ARISING FROM THE USE OF LUNG ULTRASOUND
Interesting applications are accessible by combining the potentials described above. To respect the word count, we will see the role of a simple black-and-white unit when compared with radiography and CT, we will investigate a dyspneic patient, define who is interested (which patients, which operators?), and appreciate strong and weak points of the method.
Lung Ultrasound: Answer to the Traditional Quandary of Radiography or CT in the ICU. CT is often requested by clinicians due to the poor accuracy of bedside radiography (10) . Although CT remains an invaluable diagnostic tool in critical care medicine, it is currently time-consuming and requires patient transport. Scientific analysis of the potential of lung ultrasound shows that it has an intermediate role between CT scanning and radiography. Ultrasound in general has a near 90 -100% accuracy, depending on the application (4, 40) . Although CT has major advantages of providing detailed, relatively easy to interpret images, a good regional overview, and that its use has saved many lives (17) , it does have significant drawbacks (22) . Because the main acute chest disorders can be assessed using ultrasound, the question arises as to whether it is required to transport such critically ill patients to a CT scan. Apart from the need for transportation, the time spent (typically 1 hr, all in all, even if the image acquisition is done in 10 secs), and the drawbacks of iodine injection, one particular disadvantage should be borne in mind: the irradiation. One CT scan creates as much irradiation as Ն100 chest radiographs, an increasing concern in young women and children (57) (58) (59) . The high cost of CT is also not an insignificant issue; in daily practice, how many patients on Earth have access to this method? Finally, we think that the ultrasound detection of occult pregnancy should be routine and can take a few seconds. Positive findings may further influence decision making regarding further ultrasound studies and radiographic imaging.
In the future, bedside radiography may become redundant; its indications should gradually decrease. Overall, the slight inferiority of ultrasound compared with CT in some applications can be balanced with others for which ultrasound clearly seems to be superior. This regards spatial resolution, which allows detection of septations within pleural effusion (which are never seen in a CT scan) or necrotizing areas in consolidations (64) . Also, CT is unable to detect all real-time dynamic signs such as lung sliding, dynamic air bronchogram, phrenic dynamics, among others. By mingling the points of slight inferiority with those of slight superiority, one can envisage ultrasound as a credible alternative to chest CT.
Approach to a Dyspneic Patient. As pulmonary edema, chronic obstructive pulmonary disease, pneumothorax, pulmonary embolism, and pneumonia yield particular patterns, these signs can be invaluable at the bedside of a dyspneic patient. Currently, when investigating acute dyspnea with the usual tools, incorrect initial diagnoses are frequent (65) . The idea of performing lung ultrasound here may seem peculiar. However, if an ultrasound unit is readily available, the ultrasound data will complete or correct both the clinical and radiologic findings that are often nondiagnostic or even misleading. In emergencies, ultrasound data obtained using a simple device without Doppler have enabled the physician to give a correct etiological diagnosis in 85% of cases, whereas the traditional approach (clinical examination complemented by laboratory tests and chest radiography) was accurate in only 51% of cases (65) . Timeliness may be life saving, however, and any delay that waiting for a ultrasound machine creates cannot be accepted. Therefore, the intensivist should have mastered the ultrasound profiles of simple lung, two-dimensional cardiac, and venous pathology (22) . The best example is the challenge of chronic obstructive pulmonary disease vs. pulmonary edema.
Obviously, traditional information can and should be combined with the ultrasound findings to take the best of each. Physical examination and thorough review of the radiographic studies (if performed) remain necessary if time permits. We believe, however, that with increased experience, the intensivist will come to increasingly rely on ultrasound in the sickest patients. Some reminders will be useful to appreciate the place of lung ultrasound.
A Field to Be Defined: For Whom? Although the critically ill patient in an ICU will be the first to benefit from lung ultrasound, these benefits also extend to the emergency room (66), trauma room, and even the prehospital environment. Lung ultrasound has proven its feasibility in remote areas (56) . We believe that once these benefits become apparent, patients in cardiology, pneumology, pediatry of course, anesthesiology, chest surgery, and even internal or family medicine will benefit from these techniques.
A Field to Be Defined: By Whom? Lung ultrasound is an opportunity for those who practice intensive care medicine. As no discipline has legitimately claimed, studied, or adopted this field, it will rightly belong to those who first dedicate themselves and prove benefit to their patients. Intensivists are in close physical contact with the patient, and appropriate training should enable us to master the technique (67) . Clearly, onsite availability of an ultrasound device within the ICU will simplify patient management. We also think that although medicolegal issues must be considered in many practices, when the patient's life is in danger, medicolegal issues should be relegated to a secondary concern.
Lung Ultrasound: A Space for Simplicity. An issue that likely slowed the recognition and acceptance of general ultrasound is the perception that this is a difficult exercise. As regards lung ultrasound, paradoxically, we think this is a marked misconception. Appreciating lung sliding or lung rockets has an extremely short learning curve (4, 33, 67) . B lines and the stratosphere sign are essentially the most simple signs one can imagine in ultrasound (or even in medicine). This focus on simplicity can also be applied to the equipment required. The unsophisticated equipment we describe adequately covers whole-body applications. Doppler functions are unnecessary. A cardiac analysis in a dyspneic patient can be reduced to assessing left ventricle contractility alone (or to no analysis in some cases), a major advantage for physicians unfamiliar with this discipline. Lung ultrasound feasibility is 98% in our observations (68) .
Versatility: An Access to the Neighboring Organs. Although the focus of this article, assessing the lung is only a single first step in assessing the critically ill (22) . Combining cardiac and lung ultrasound results in the thorax being considered as a whole. Unexpected diagnoses will be made in the abdominal (pneumoperitoneum, mesenteric infarction, etc), cephalic (maxillary sinusitis, intracranial hypertension), and venous areas. With the same system, interventional ultrasound can be liberally performed (22) .
The hemodynamic control of an unstable patient is a classic in the ICU. Many tools (too many?) are available. Some applications (under submission) of lung ultrasound will help the physician in immediate decisions in this field.
Harmlessness, Cost Savings. Irradiation is an increasing concern in the radiologic literature. Its deleterious side effects in the child and the young woman are now acknowledged. Lung ultrasound is an elegant way to circumvent this issue. The indication for radiographs and CT scans should progressively decrease. This decrease should yield cost savings. Costs should decrease both due to reduced immediate complications (such as pneumothorax due to thoracentesis) and from remote ones (such as neoplasia as a consequence of irradiation). In addition, it has been shown that one single application allows reimbursement of the unit we describe in Ͻ3 yrs (37) .
Limitations of Lung Ultrasound. A comprehensive understanding of the limitations of ultrasound is required to make ultrasound the safe and high-precision tool it is. Prudent operators will promptly recognize a limitation and rely on the traditional diagnostic tools that sufficed in the past. Hindrances to ultrasound can be organic or artificial. Organic obstacles can be innate (a poorly echoic patient) or acquired (subcutaneous emphysema, pleural calcifications, obese body habitus). Artificial obstacles, mostly dressings and tubes, can be limited by smart policy and generally dealt with by the attending clinician who is not afraid to redress a wound after the ultrasound assessment. Intraparenchymal lesions (pneumatocele, deep abscess, rare cases of central consolidations) will escape surface ultrasound. Paradoxically, obesity is not a major hindrance to lung ultrasound. Operator skill is a familiar limitation. Insufficient training will result in avoidable pitfalls. Nonlongitudinal scans, incorrect or loosely held probes, use of the subcostal route (which can create ghost artifacts mimicking effusions or consolidations), disregard of the sky-earth axis in terms of searching for pleural effusion in a nondependent area, abusive use of the dynamic noise filter, and incorrect location of the diaphragm will all result in errors that should be decreased with adequate training.
Each application has its limitations. Pleural effusion, if loculated, will not yield the sinusoid sign, and then the diagnostic criteria for liquid will depend on the operator's judgment. The dark ultrasound lung is a rare pattern in which none of the numerous discriminative signs is available. It usually corresponds to a white radiologic lung and is most often due to massive pleural effusion. Here, CT can be useful. B lines alone do not discriminate between acute and chronic interstitial syndrome. Subphrenic fat can mimic alveolar consolidation if care was not taken to locate the cupola. Lastly, confusing B, Z, and E lines can occur. In cases of subcutaneous emphysema, which is not always associated to pneumothorax, experienced users will sometimes identify conserved lung sliding (22) . Subcutaneous emphysema can generate E lines, a common pitfall for the beginner who risks confusion with B lines. Posterior pneumothoraces will escape anterior analysis but are accompanied by suggestive anterior patterns (22) . In dyspneic patients, lung sliding is sometimes hard to detect because of muscular contractions, but an answer is generally forthcoming with careful study. Major dyspnea with intense muscular effort is rare in spontaneous pneumothorax and in that occurring in a ventilated patient. A lung point is not always present, but clearly, a patient who displays chest pain, dyspnea, tympanism, A lines, and absent lung sliding after an invasive procedure is likely the victim of a pneumothorax.
Training in Lung Ultrasound: Issue or Strong Point? Clinical medicine can only be mastered by dedicating years to careful medical study. Likewise, critical care ultrasound, which is a discipline unto itself, cannot be learned in a few hours. We think the future of lung ultrasound training should be the responsibility of the university, which should involve students as early as possible for maximal societal benefit. The practicing intensivist who desires to save lives more easily will see that training in lung and emergency ultrasound is paradoxically easier to learn than standard general ultrasound (4, 33, 67) . There is nothing in common between the recognition of a B line (a few minutes of training) and a fetal malformation. In practice, the best way for mastering lung ultrasound is to spend a period as resident or fellow in the ICUs regularly practicing lung ultrasound.
The aim of our training center is to give to the operator the keys for using ultrasound alone for diagnosis and for performing therapeutic actions. With practice, life-saving drainage of compressive pleurisy or pneumothorax or correct management of an acute dyspnea should become routine.
CONCLUSIONS
Lung ultrasound constitutes a visual medicine and provides a transparent approach to the acutely ill, guiding management and care. Although the use of this modality has been largely neglected by the critical care community, its value to patients is being increasingly demonstrated. Provided minor limitations are accepted, lung ultrasound seems to have only advantages; noninvasive, immediately implemented, highly feasible, easy to execute, and versatile (from bedside to aircraft, from head to feet), it provides diagnoses with an accuracy superior to that of radiography and is time saving in a dyspneic patient. Substantial cost savings are possible, global irradiation decreases, and patients' comfort increases. Everyone wins, there is no loser. Scientific considerations aside, we like to highlight again this basic advantage: simplicity. Sometimes answering with disconcerting ease questions for which only sophisticated approaches were hitherto indicated, ultrasound elegantly simplifies daily problems encountered in extreme emergencies (69) . Symbolizing for some the stethoscope of tomorrow, ultrasound is actually a genuine stethoscope of today if we consider the etymology: scopein (to observe) and stethos (the chest wall).
ACKNOWLEDGMENTS
I thank, one more time, but never enough, Enrico Storti and Luca Neri for their outstanding achievement in this small revolution and also for a priceless gift, their friendship; and Alan Sustic, who will also find a devoted place in this section.
